Biphasic insulin secretion is required for proper insulin action and is observed not only in vivo, but also in isolated pancreatic islets and even single β-cells. Late events in the granule life cycle are thought to underlie this temporal pattern. In the last few years, we have therefore combined live cell imaging and electrophysiology to study insulin secretion at the level of individual granules, as they approach the plasma membrane, undergo exocytosis and finally release their insulin cargo. In the present paper, we review evidence for two emerging concepts that affect insulin secretion at the level of individual granules: (i) the existence of specialized sites where granules dock in preparation for exocytosis; and (ii) post-exocytotic regulation of cargo release by the fusion pore.
The insulin granule's path to secretion
As with other hormones, insulin is stored in secretory granules and is released by regulated exocytosis upon demand, rather than constitutively. Every β-cell contains several thousand insulin-containing granules that are tightly packed throughout the cytosol [1] . Newly created granules undergo a maturation period, during which proinsulin is processed and condensed into an electron-dense crystal. A number of preparatory steps are then still required to make mature granules release-ready (Figure 1 ), and it is useful to divide these into three categories: (i) transport of the granule towards the cell periphery, which involves both diffusion and active transport [2, 3] ; (ii) docking at the future release site; and (iii) priming of both granule and release site for exocytosis. Priming is defined functionally and summarizes a set of ATP-, Ca 2+ -and temperature-dependent reactions that promote release competence, whereas docking is the initial tethering of granules at the release site. Exocytosis of the primed granule can then be triggered by an influx of Ca 2+ through voltage-gated channels, which finally leads to release of the granule cargo, including insulin. The kinetics of these late events in the granule life cycle are likely to be responsible for the biphasic pattern of insulin secretion [4] , which is important for proper insulin action. Importantly, selective loss of the rapid first phase of insulin secretion is a hallmark of Type 2 diabetes mellitus [5] .
been defined ultrastructurally, on the basis of their distance from the plasma membrane [6] . In living cells, most granules near the plasma membrane are stationary, consistent with physical binding to fixed potential release sites [7, 8] . One can therefore envisage that granules rain randomly on to the plasma membrane and then induce the assembly of the release machinery. Alternatively, insulin granules may dock at preexisting acceptor sites, where at least part of the exocytotic machinery is already assembled, perhaps similarly to active zones in presynaptic nerve terminals. There is some evidence for the existence of such sites in β-cells. First, at least five structural active-zone proteins, RIM1 (Rab3-interacting molecule 1) [9] , piccolo [10] , ELKS [11] , mint-1 [12] and munc-13 [13] , are expressed in β-cells and are important for insulin secretion. For example, munc-13 is required during priming and for sustained insulin release [14, 15] , and interfering with the function of ELKS reduces the amount of docked granules [11] . Secondly, RRP (readily-releasable pool) granules associate with a small number of voltage-gated Ca 2+ channels at the release site [16] . This arrangement facilitates rapid exocytosis because microdomains of high Ca 2+ develop at the open channels (near granules), while influx of Ca 2+ further away is minimized. Thirdly, submicron-sized clusters of SNARE (soluble N-ethylmaleimide-sensitive fusion protein-attachment protein receptor) proteins are found on the plasma membrane of insulin-secreting cells [17] [18] [19] and PC12 (pheochromocytoma) cells [20] [21] [22] . Docked granules are preferentially located at such clusters [17, 20] and deletion of the SNARE syntaxin-1 reduces the number of docked granules [23, 24] . It therefore seems likely that β-cells maintain dedicated sites on the plasma membrane that contain at least part of the release machinery, and on which granules dock. Interestingly, the expression of syntaxin is reduced in islets of human Type 2 diabetes patients [25] and in a rodent model of diabetes [26] .
How are these docking sites maintained? There is good evidence that spatial inhomogeneities in the lipid composition, similar to membrane rafts, may be involved. SNARE clusters depend on the presence of cholesterol in the plasma membrane, a hallmark of lipid rafts, although they do not co-localize with traditional raft markers [20] . At least some of the clusters also co-localize with PtdIns(4,5)P 2 domains [22] , suggesting that one of the factors responsible for cluster formation may be an affinity for certain lipid domains. However, protein-protein interactions may be more important. Syntaxin-1, a 35 kDa type-1 transmembrane protein, is composed of an N-terminal three-helical Habc domain, a transmembrane region, and a SNARE motif at the cytosolic side of the transmembrane domain [27] . Together with SNAP-25 (25 kDa synaptosome-associated protein) and VAMP2 (vesicle-associated membrane protein 2), syntaxin forms a trimeric complex that involves the SNARE motif and is crucial to exocytosis [28, 29] . It is unlikely that this trimeric complex is required for cluster formation, because a mutant syntaxin lacking the SNARE motif is also found in clusters [30] . However, since the mutant clusters do not co-localize with clusters of wild-type syntaxin, the SNARE motif may be important for their fidelity, perhaps preventing syntaxin from non-specifically partitioning into other raftlike structures. Homo-and hetero-oligomeric complexes involving the SNARE motif have been described [31] , and could also underlie cluster formation. It has therefore been proposed that self-association of syntaxin underlies cluster formation [21] , but it is likely that there are additional factors that contribute to the maintenance of docking sites. It is now important to determine how these clusters are regulated and whether, in fact, they all represent active docking sites.
Docking before priming!
The complexity of the release machinery suggests that not all components necessary for exocytosis are pre-assembled in unoccupied docking sites. This is obvious for those essential proteins that are located on the granule, but may also apply for other proteins. For example, not all of the syntaxin clusters contain L-type Ca 2+ -channels (S. Barg, unpublished work). It is possible that such additional components of the release machinery are recruited during priming, which raises the question of whether priming occurs before or after docking. To test this, we imaged fluorescently labelled granules in insulin-secreting Ins-1 cells and stimulated them using a protocol that exhausts a pool of RRP granules. Only some of the stationary granules underwent exocytosis during this stimulation, indicating that not all docked granules are release-ready and that RRP granules form a subset of the pool of docked granules. When the stimulus was applied again 1 min later, several docked granules were released that did not respond to the first stimulus [8] . Similar results have recently been obtained in human β-cells [7] . Thus several of the docked granules become release-ready during the interval between the stimuli, and priming must have occurred after docking. The finding is somewhat at odds with reports that granules in primary mouse β-cells can undergo exocytosis immediately after reaching the plasma membrane [32] , but it is possible that priming is more rapid (< 1 s) in primary cells than in Ins-1 cells.
Kinetics of cargo release from single granules
Once exocytosis has been triggered, insulin is secreted from the granule. This process has classically been envisioned as an all-or-none process that involves collapse of the granule into the plasmalemma ('full fusion') and complete release of the granule cargo. To maintain the integrity of the cell, the added granule membrane must then be retrieved from the plasma membrane by compensatory endocytosis. Granule proteins must be recycled and redistributed by sorting processes. Live-cell imaging and capacitance measurements during the last few years have made it increasingly evident that this pathway represents only one of a number of possibilities.
Exocytosis begins with the formation of a narrow fusion pore that connects the inside of the granule with the outside world. Electrical measurements of the pore indicate that it can rapidly open and close ('flicker') [33] , suggesting that this process is reversible, at least up to a certain pore diameter. Slow release of small molecules such as serotonin through this initial fusion pore can be observed by carbon fibre amperometry, but larger peptides such as insulin should be trapped efficiently by the pore's small size. Only once a certain threshold has been exceeded (3-4 nm in chromaffin granules [34] ), is the fusion reaction thought to become irreversible [34] . The pore then dilates and allows release of peptides. This makes the granule lumen accessible from the outside, and, by probing with molecules up to several hundred kDa, the size of the dilated pore has been estimated as 7-12 nm [35, 36] . We measured the rate at which peptides are released from the granule by imaging GFP (green fluorescent protein)-labelled granules in voltage-clamped insulin-secreting cells. In this experiment, the moment of exocytosis is precisely known. We found that it took on average 2 s from the moment of fusion until peptide release, which was detected as loss of granule fluorescence [37] . However, once release occurred it was completed within 100 ms. Other peptides are released more gradually [38, 39] , and large peptides such as GFP-tPA (tissue plasminogen activator) (100 kDa) can remain within or near the granule for minutes. This may be at least in part due to the time it takes for the granule core to dissolve [40] . The fact that peptide release is considerably slower than granule fusion may in part explain why the reported rates of exocytosis (> 700 granules/s, measured as capacitance increase [16] ) are so much higher than those of insulin secretion (18 granules/cell per min during the first phase [41] ).
Granules can remain intact during exocytosis
The finding that cargo peptides can remain concentrated at the site of exocytosis suggests that at least some granules remain intact after exocytosis, rather than collapse into the plasma membrane. There is now good evidence that this is indeed the case for insulin granules ( [42] [43] [44] , but see [45] ). Interestingly, even at this late stage, the pore is still able to close, although probably by a mechanism different from that involved during pore flicker. It has long been known that when neuroendocrine cells are bathed in a fluid-phase marker (e.g. rhodamine or horseradish peroxidase) during stimulation, the marker becomes trapped in a fraction of the granules [43, [46] [47] [48] . This suggests that granules can undergo exocytosis followed by a direct retrieval mechanism. More recently, the pH-dependence of GFP has been exploited to demonstrate pore closure by live-cell imaging. The GFP label of integral granule membrane proteins is dark in the acidic environment of the intact granule, but becomes bright during exocytosis because the luminal pH equilibrates with the outside. If the pore then closes, the granule re-acidifies and its fluorescence decays slowly. Conversely, if the granule disintegrates during full fusion, the label will spread rapidly into the plasma membrane. Both modes have been observed in insulin-secreting cells [42, 43] , suggesting that direct retrieval takes place in these cells. The most compelling evidence for such a mechanism comes from experiments in chromaffin cells, where the external medium was periodically acidified. Since the fluorescence of a granule is affected only as long as it is connected to the outside, pore closure is detected as lack of a response to the pH change. At least one-third of the granules closed their pore during the experiment [39] .
Apparently, an intermediate fusion state exists before the granule either collapses fully and thereby loses its identity or remains intact for a variable period and is then retrieved largely intact by constriction of the pore. The term 'cavicapture' has been introduced for this exo-endocytosis to indicate that only a granule ghost is retrieved, while at least some of its membrane proteins and lipids equilibrate with the plasma membrane. Interestingly, a protein involved in neuronal endocytosis, dynamin-1, is recruited to granules during exocytosis [49] , or is already in place [48] , and may facilitate this direct retrieval of granules. In neurons, dynamin-1 is required specifically for vesicle recycling during strong stimulation [50] , and, by analogy, it is possible that dephosphorylation activates this protein and thereby switches from full fusion to cavicapture. It is also plausible that certain peptides may stay condensed within the granule lumen, which would be expected to stabilize the granule and increase the likelihood for cavicapture over full fusion.
Differential release of granule cargo
Our current model of insulin granule exocytosis and recycling is shown in Figure 2 . Insulin-containing granules contain a plethora of other bioactive or structural polypeptides (e.g. chromogranin or C-peptide) and small chemical transmitters such as ATP and other nucleotides [51, 52] . Since peptide release requires relatively large pores, it is likely that release of bulky peptides is more restricted than that of smaller molecules [37, 44] . Indeed, both pH equilibration (efflux of H + ) and release of nucleotides occur considerably more rapidly than peptide release [53, 54] . Since the pore is able to close prematurely (i.e., before peptide, but after nucleotide, release), we and others have suggested that low-molecularmass substances can be discharged independently of the peptide cargo [8, 42, 48, 55] . Indeed, selective release of small peptides over larger ones [39] and of nucleotides over peptides [55] has been demonstrated.
It is unknown what happens to directly retrieved granules after exocytosis, but this mechanism might relieve the cell somewhat from the requirement to re-sort granule constituents that would otherwise spill into the plasmalemma. It is less likely that such recycled granules are simply re-used to secrete insulin, because the hormone cargo cannot easily be replenished. We speculate therefore that in (B-E) , using the same colour coding. Note that peptide release (green) lags both fusion pore opening (exocytosis, blue) and nucleotide release (red). (G) Model of granule exocytosis and recycling. Shortly after opening of the fusion pore, nucleotides and other small molecules are released while peptide release lags up to several seconds. Granule retrieval may occur at any time and often prevents release of peptides, but not nucleotides, suggesting secretory plasticity even after exocytic membrane fusion has occurred. Modified from [8, 43] with permission.
cavicaptured granules may act as a warehouse for granule components. This seems plausible because granules continue to mature by active sorting after leaving the Golgi apparatus [56] , and could exchange components with non-functional empty granules. Another possibility is that empty recycled granules are used to secrete transmitter molecules such as ATP, which can enter the assembled granule via transporters.
Interestingly, fusion-pore dynamics appear to be regulated. Pore dilation is affected by both cytosolic and extracellular Ca 2+ concentration [57] , activation of protein kinase C [58] , and by interventions with proteins of the exocytotic machinery such as complexin [59] , synaptotagmin [60] and syntaxin [61] . Some of these have been proposed to shift exocytosis from the classical mode of full fusion to the cavicapture mode and thereby restrict the release of insulin. Differential release of nucleotides and insulin may thus allow the β-cell to correlate release to the paracrine and systemic requirements. Importantly, failure of the fusion pore to dilate may result in insufficient amounts of insulin being released and thus predispose to diabetes.
